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A B S T R A C T
Same Risk Area refers to an area-based approach for the risk assessment of aquatic invasive species that con-
siders the extent of natural dispersal. It is a new addition to the Guidelines on Risk Assessment (G7) under the
International Convention for the Control and Management of Ships' Ballast Water and Sediments. The method
outlined here to deﬁne the extent of a Same Risk Area assesses the connectivity of species of concern within a
wider area by combining information from simulated hydrodynamic data and agent-based modelling with the
biological traits and habitat preferences of the selected target species.
1. Introduction
Invasive species, including pathogens, are viewed as a major threat
to aquatic ecosystems worldwide and have been reported to aﬀect local
economies and societies [5,37,40]. The shipping industry has been
identiﬁed as a major vector for the unintentional transport of exo-
genous species across ecosystems with about a third of all introductions
of non-indigenous species due to fouling on the ship hulls and another
third due to ballast water exchanges [15,18,19].
Nearly all vessels including bulk cargo carriers, oil tankers, con-
tainer ships and cruise ships use ballast water as a safety measure to
ensure structural integrity and stability of the vessel depending on the
weight of cargo that has been loaded and unloaded between successive
ports of call. Ballast water is taken up from the coastal waters of a
region, along with a variety of other biological material, including
plants, animals, viruses, and bacteria, and then may be discharged at
another port in an entirely diﬀerent coastal region. These materials may
be non-native to the new region and may cause extensive ecological
damage to the aquatic ecosystems there as well as economic impacts on
aquatic based industries such as aquaculture [10,37].
To address this issue, the International Maritime Organisation
(IMO) in 2004 adopted the International Convention for the Control
and Management of Ships' Ballast Water and Sediments [25], otherwise
known as the Ballast Water Management Convention (BWMC). In 2016,
the convention surpassed its mandatory number of 30 ratifying Member
States representing more than 35% of the world gross cargo tonnage,
thereby entering into force on the 8th September 2017. After this date,
over a course of seven years, the vast majority of ships in international
trade must meet stringent discharge criteria that de facto requires the
vessels to disinfect their ballast water before discharge using an on-
board Ballast Water Management System (BWMS). These treatment
systems, which represent an a priori risk reduction measure, must un-
dergo comprehensive testing before they are granted a Type Approval
and can be ﬁtted on-board vessels. An original type approval process
were found to present ﬂaws (e.g. [9]) and a successful revision of the
testing requirements has been completed through a revision of the G8
Guidelines [27].
1.1. Risk assessment for exemption
The convention recognizes that ships trading in certain locations
and on voyages between certain ports may be considered as a non-
signiﬁcant risk regarding transport of invasive species via ballast water
and therefore the use of a BWMS may not be necessary. Acknowledging
this fact, regulation A-4 of the BWMC allows for such ships to be
granted an exemption to the ballast water management requirement
(i.e. compliance with the discharge criteria which necessitate to have a
BWMS installed). To ensure that exemptions are granted with due
consideration of the speciﬁc occurrence and potential transport of in-
vasive species, the convention requires that a risk assessment is carried
out according to its Guidelines on Risk Assessment (G7) [26] and that
the risk of transfer of invasive species is found to be acceptable. While
the guidelines are not binding, they do outline the standards and best
practice that member states should follow in establishing the level of
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environmental risk from ballast water exchange.
The UN-funded international programme on ballast water,
GloBallast has published a series on Monographs in which risk is de-
ﬁned as “the probability that a hazard will lead to loss, or injury/da-
mage to life, property or the environment; it requires knowledge of the
extent of exposure to the hazard concerned” [3]. The G7 Guidelines
proposes three risk assessment methods, which may be more or less
appropriate depending on the ship's route for which the risk assessment
is to be carried out. Generally, the environmental matching risk assess-
ment focuses on the similarities and dissimilarities of the abiotic factors
(e.g. temperature and salinity) between bioregions and therefore might
be used appropriately for ships trading between ports very distant from
one another and located in very distinct biogeographic regions. The
species biogeographical risk assessment approach compares the general
presence/absence of species between the ports of origin and arrival of
the ship, when traversing diﬀerent biogeographical zones. The species-
speciﬁc risk assessment of the G7 focuses on identifying target species
which ‘may impair or damage the environment, human health, property
or resources and are deﬁned for a speciﬁc port, State or biogeographic
region’ [26], and subsequently applying information on such organism's
life history and physiological tolerances to assess the risk of an invasion
by these target species.
In particular, the species biogeographical risk assessments require
comprehensive knowledge of the natural baseline of the biota in each
location; currently largely unavailable because monitoring of invasive
or non-indigenous species in ports and other locations is not part of the
environmental monitoring eﬀort in most countries. GloBallast has
published a monograph on Port Biological Baseline Surveys [2] and
guidance assessment procedures by the North Sea and Baltic Sea en-
vironmental organisations, respectively OSPAR and HELCOM, also
promotes port surveys based on spot sampling as a key part of obtaining
and comparing incidence data on invasive species [24].
1.2. Challenges for short sea shipping
Since the guidelines do not oﬀer a mechanism to extend knowledge
on invasive species from one port basin to the next, let alone other ports
in the proximity, establishing the data set necessary for a risk assess-
ment requires a considerable number of surveys to be conducted in any
sizeable port, and makes it cumbersome both for exemption issuing
authorities and the shipping industry to implement. In particular, the
short sea shipping sector as deﬁned by European Commission [11], may
face considerable challenges employing the exemption regime. The
short sea shipping sector carries cargo and passengers in local areas and
is key to eﬀorts to decrease rates of carbon dioxide emissions by moving
heavy cargo traﬃc oﬀ roads [12]. These vessels may regularly call at
several ports in an area, or may occasionally use alternative berths in
the same port, or even call ports not included in their original schedule,
often separated by only short distances. The costs of sourcing the data
needed to underpin a risk assessment for each individual ship and route
to allow such common local trading patterns would be prohibitive, ef-
fectively excluding the option of exemptions for the short sea shipping
sector.
1.3. An area-based approach
The G7 guidelines as originally released did not propose to account
for natural dispersal of organisms (i.e. that not mediated by shipping).
Mobile aquatic species, pelagic life stages of marine organisms (mer-
oplankton) and holoplankton may disperse naturally across interna-
tional borders, irrespective of other vectors of transfer such as ship's
ballast water. Ships that take short sea voyages within such an area of
natural dispersion may be unlikely to greatly alter the consequences
from the natural transfer of potentially harmful and invasive species.
To address these issues, an area-based approach taking natural
dispersal into account was proposed as early as 2014 [45]. The so-
called Same Risk Area (SRA) approach matured over the successive
submissions of member states to the IMO [28–34]. The IMO eventually
concluded that a SRA should be deﬁned as: “an agreed geographical
area based on a completion of a risk assessment carried out in line with
these Guidelines [33]. The terminology decided by IMO diﬀers slightly
from proposals previously published and therefore only the most recent
as mentioned above should be applied. The concepts behind the SRA
approach are illustrated in Fig. 1 where there are a number of ports
across diﬀerent States or countries, with their waters connected hy-
drodynamically in all directions.
The primary advantage of an area-based approach is that it can be
used by administrations as a decision-support tool to grant area-based
exemptions to ships trading in short sea shipping. This allows a key
underlying dataset and model to be shared between administrations
and the ship-owners to use one coherent environmental assessment as
the common basis for the exemption of individual vessels. A secondary
beneﬁt is that ship-owners and others may conduct initial simple
modelling of a potential area to check the feasibility of undertaking a
full modelling and exemption process.
In the present paper, the deﬁnition proposed by the IMO is used and
approaches to deﬁne target species characteristics and model their
dispersion is provided with the objective of generating information to
carry out a risk assessment using an area-based approach. The detailed
risk assessment itself is not the focus of the present contribution and
should be completed according to the G7 Guidelines as an expert-driven
process.
2. Proposed methodology supporting the prediction of data for an
area-based approach to risk assessment
2.1. Overview of the proposed approach
One of the key tasks when applying an area-based risk assessment in
an eﬀort to deﬁne an SRA, is the evaluation of the natural dispersal of
species in an area governed by unique hydrographic characteristics. The
authors consider that the area-based risk assessment proposed for such
studies should be based on a species-speciﬁc risk assessment under the
G7 guidelines in that it should start with a decision on which identiﬁed
target species should be used to carry out the modelling exercises. The
modelling assessment necessitates that a proper and calibrated hydro-
dynamic model is setup and used as a basis upon which individual-
based biological models (also known as Agent Based Models – ABM) are
coupled/combined [7,46,50]. This combination of modelling ap-
proaches is also referred to as biophysical modelling (e.g. [44]), particle
tracking (e.g. [38]) or Lagrangian modelling (e.g. [50]).
The data required is not limited to but may include:
Fig. 1. An area-based approach delineating a conceptual Same Risk Area (SRA)
between ports and locations in a deﬁned area.
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• Hydrodynamic data on the area including environmental and me-
teorological features, e.g. the historic and seasonal pattern of cur-
rents, tidal regime, salinities, temperature and wind patterns, which
provides the mechanism driving the movement and dispersal.
• Biological and physiological traits of the organism to be modelled,
e.g. the occurrence and duration of egg or larval stages, foraging and
mobility, spawning characteristics, settling rate, mortality, and be-
havioural aspects, which will govern the ability to survive during
the dispersal.
• Habitat occurrence and preference, e.g. the occurrence of soft or
hard bottom environs, corals, river banks, littoral and high energy
zones.
2.2. Gathering the adequate hydrodynamic data
For a proper simulation of natural dispersal the hydrodynamic
model developed needs to be calibrated and validated, which is con-
ventionally done by comparing model predictions with observation
data to ensure that the model produces realistic results. The costs as-
sociated with developing robust hydrodynamic models are very high
but calibrated and validated model results have been produced for most
marine areas world-wide by universities, authorities and companies for
various purposes (e.g. www.coopernicus.eu; https://www.infoatsea.
com/secure/home), and can be used as input to the dispersal simula-
tion.
2.3. Gathering the adequate biological data
2.3.1. Target species
In order to proceed with a species-speciﬁc risk assessment using an
area-based approach, it is important to deﬁne a list of species which will
be used to carry out the modelling tasks. The target species are deﬁned
based on existing biological information on the ports and the expected
area of study and/or based on educated assumptions. A target species
for instance must be one that can be transported through ballast water,
survive the voyage, settle in a recipient port, grow and form a viable
population of the species. Information on the exposure pressure (mag-
nitude), the vulnerability of the recipient environment as well as an
estimation of the consequences, are necessary to evaluate the risks
posed by such target species. Under Article 6 of the BWMC, States are
encouraged to undertake scientiﬁc and technical research and mon-
itoring including “observation, measurement, sampling, evaluation and
analysis of the eﬀectiveness and adverse impacts of any technology or
methodology as well as adverse impacts caused by such organisms that
have been identiﬁed to have been transferred through ships’ ballast
water”. Port Biological Baseline Surveys as proposed by Awad et al. [2]
are not a mandatory requirement under the BWMC. However, the
biological records obtained by the surveys are of immense value as part
of a global archive that can assist in risk assessments studies that are
central to ballast water management. Yet, in many areas around the
world consolidating existing information should be the ﬁrst step to take.
Various internet portals already provide lists of existing and po-
tential marine non-indigenous species in diﬀerent regions and refer-
ences to species life history traits and biology. An example is the joint
HELCOM and OSPAR online ballast water management tool for the
North Sea and the Baltic Sea [23], which also provides access to an
invasive species database. In other areas where limited information
exists, the target species may be decided on alternative approaches
based on the reporting of previously described invasive species [43].
This methodology has been proposed for example by the Singapore
Tropical Marine Science Institute [39] and assumes that invasive spe-
cies reported from one location have life history traits necessary to be
invasive elsewhere [42]. Using existing databases it is possible to
generate a list of target species, which present a risk for the marine
environment (Fig. 2) and benchmark this list to whatever data is ex-
isting locally to deﬁne species presenting a high or low risk.
2.3.2. Life history traits
Once a list of target species is generated, the parameters governing
the ABM must be setup using the most important life history traits of
the target species in the context of their natural dispersal (Table 1). To
do this, an extensive review of the literature describing the target
species should be carried out.
2.4. Gathering information on habitats
In order to assess the likelihood that a species will actually establish
itself in a new area, the required ecological niche must be present, e.g. a
suitable substrate to allow the settling of sessile species. Maps of the
occurrence of relevant habitats are required to be included in the ABM
to account for habitat fragmentation, coverage and distribution.
Holoplanktonic species follow the hydrodynamics and are not often
restricted by ‘habitat’, but in case of speciﬁc requirements, e.g. re-
garding temperature, salinity, food access, concentration of mates,
these should be included as barriers to their distribution.
2.5. Existing softwares
A number of software programmes exists linking agent-based
modelling and simulated hydrographic data: MIKE 21/3 ABM Lab [21],
IBM LIB [6], Ichthyop [36] and TRACMASS (Döss et al. [8]). Numeric
and statistical methods are used to analyze the dispersal modelling
results to delineate areas where the natural dispersal within the areas
are high (~ highly intra-connected areas), and where the natural dis-
persal to neighboring areas are low (~ divided by dispersal barriers)
[35,50]. Recently, Hansen and Christensen [20] have developed a
prototype tool for carrying out area-based assessment of dispersal
(“Same Risk Area Assessment Model”or SRRAM). The results from the
developed tool can be presented as a connectivity matrix which is in
turn analysed using cluster analysis techniques using graph theory as
proposed by Vincent et al. [50]. The connectivity analysis of dispersal
modelling results can be carried out using statistical software packages
like R (R [41]) and previous studies have developed libraries for R
speciﬁcally for supporting the delineation and segregation of well
connected areas using graph theory and information theory approaches
[35,50]. Results from the analyses can be displayed as map layers in-
cluding various connectivity statistics for further risk assessment.
2.6. Simulating the dispersal of marine invasive species
Ideally, the simulation of the dispersal of each of the target species
should be carried out, but several target species may share the same
traits and they may be addressed together under a single model entry,
i.e. it may in practice not be necessary to run a separate model for each
target species. In selecting species at least those with characteristics or
traits limiting the extent of dispersal should be modelled.
An alternative to simulating dispersal of each individual species, a
trait-based approach can be adopted, simulating individual traits or
combinations of traits (e.g. [22,38]). A review of all target species and
the ranges of each individual trait these species occupy can be used to
systematically decide and design the necessary number of simulations
to describe the variability of dispersal patterns and connectivity within
a study area. The beneﬁt of this approach is that the variability of traits
observed across species can be more systematically analysed and a trait-
based approach can limit the work load. This approach allows to cover
more target species in the risk assessment.
2.7. Technical consideration and limitations
The technical requirements for the input data to the model as out-
lined below should be clariﬁed and settled in advance amongst the
involved parties.
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2.7.1. Hydrodynamic considerations
Hydrodynamic modelling of an area relies on historic data and the
availability and choice of data sets may inﬂuence the output if re-
presentative data is not included. It is proposed from consultation with
oceanographers that two hydrographic years covering the area in
question are chosen as base data for the modelling: one typical and one
extreme year. It is obviously of importance to consider the degree of
conservatism intended to be applied as one may ﬁnd diﬀerent output if
based on scenarios including 100-year events.
The hydrodynamic data quality and coverage may potentially aﬀect
the outcome of the dispersal modelling and hence potentially the
identiﬁcation of areas with high natural dispersal and dispersal bar-
riers. The implication of limitations in the hydrodynamic data for the
dispersal modelling and connectivity analysis must be at least qualita-
tively evaluated. Considerations may include the range of parameters
listed in Table 2 with their deﬁnitions, responses and limitations.
2.7.2. Biological considerations
The species-speciﬁc risk assessment of the G7 guidelines emphasises
selecting the target species and this is also of utmost importance in the
SRA since the modelled dispersal and the risk assessment will be spe-
ciﬁc to these target species. Identiﬁed target species may already be
available through regional or bilateral cooperation organisations,
identiﬁed by speciﬁc monitoring exercises or by scrutinising of the
scientiﬁc literature.
Once the relevant target species have been decided between parties
and their scientiﬁc experts, the number and type of traits that are ne-
cessary to model a certain species or a group of organisms should be
identiﬁed or decided from the literature. This should be done with
parsimony but should include important traits that will likely aﬀect the
survival and therefore the dispersion of organisms.
Examples of traits for meroplankton could include the pelagic larval
stage duration, spawning period, temperature and salinity require-
ments, habitat preference, vertical positioning in water column and
survival. Other parameters may be included depending on the required
complexity and resources available.
2.7.3. Habitat consideration
An important input to the modelling is the habitat preference of the
target species. For certain organisms, particular substrate types are
required for settlement, for example, hard substrate is required for
barnacles and mussels to settle. Spatial information on habitat occur-
rence therefore is crucial for identifying barriers to the natural dispersal
or the presence of stepping stones aiding the dispersal of a target spe-
cies. Information may include for example, the occurrence of soft or
hard bottom environs, corals, river banks, littoral zones and high pro-
ductivity zones.
The quality and availability of such data is often limited and almost
inevitably in a diﬀerent resolution than the hydrodynamic data to
which it is to be combined in a model framework. Thus it is important
to establish model uncertainties with regards to the assumptions made
on substrate availability.
Habitat information also includes the physico-chemical character-
istics of the water column for holoplankton which is used in the BWMC
in the application for the D-1 ballast water exchange standard where
coastal species are considered less likely to survive open oceans and
vice-versa.
It is also important to consider man-made habitats and their dis-
tribution and longevity. Hard substrates in soft-bottom areas may de-
velop from oil rigs, windmills, bridges etc. or barriers may be developed
through dredging operations. Such structures may form stepping stones
facilitating the dispersal of invasive species [1].
2.8. Evaluation of model outputs
Ports in close proximity may exhibit a high probability of ex-
changing species among them as a result of natural dispersal mechan-
isms. Natural dispersal may be driven by species moving by their own
means, by passive drift with water currents or by wind-induced drift, or
as a combination of these. In Fig. 3, conceptual diagrams of the natural
dispersal pattern in a theoretically acceptable SRA are presented under
three diﬀerent scenarios. The analyses of potential dispersal allows the
identiﬁcation of ports or locations that may be considered to be within
Fig. 2. Flowchart of data mining processes relevant to create a blacklist and watch list of potentially invasive and harmful species for Singapore [39].
Table 1
Example of life history traits and units of measure which a target species may be
deﬁned against in the view of its natural dispersal aptitude.
Trait Unit
Mortality 1/day
Temperature tolerance Celsius
Salinity tolerance PSU
Vertical position or movement behavior in the water column m or m/day
Horizontal swimming behavior m or m/day
Habitat preference Selection
Duration and timing of free swimming life stages Days or hours
Seasonal life events, e.g. spawning Date interval
Time to maturation Months or years
Lifetime expectancy Months or years
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an SRA, as well as any directionality to be considered. Available data
from surveys, existing databases or published studies may support the
modelling results as indicators of an SRA.
An example of delineations of well-connected areas based on dis-
persal modelling results is presented in Fig. 4.
As another example of model output, the information presented
in Fig. 5 illustrates the eﬀects of larval dispersal from coral reef sites in
Singapore 45 days after a “spawning event” (from [43]). It shows the
cumulative density of competent larvae across to Indonesia to the south
and Malaysia to the east and west. The eﬀect of the strong tidal currents
in the Singapore Straits is illustrated in the lower cumulative larval
density in Indonesia, i.e. the majority of larvae are transported east
towards Malaysia.
Table 2
A range of hydrodynamic data parameters with deﬁnition, response and limitations presented, where the quality and coverage may aﬀect the outcome of the
dispersal modelling and consequently the identiﬁcation of areas with high natural dispersal and dispersal barriers.
Deﬁnition Response Limitations
The spatial resolution:
The horizontal and vertical resolutions of the
computational grid.
Models with 1–10 km grid resolution will often be applicable
with the ﬁner resolution in areas of hydrodynamic
complexity (e.g. straits, sounds, coastal regions). The
computational grid may be organized in a ﬁxed grid (equally
spaced) or a ﬂexible grid (varying space). Vertical resolution
of a computational grid typically ranges from 1m up to
100m with a constant or ﬂexible layer thickness. Optimally,
apply models with grid spacing that resolve the important
hydrodynamic processes such as major eddies and hydraulic
fronts (in the horizontal plane) and any important vertical
stratiﬁcation of the water column.
The ﬁner the resolution the more details of the
hydrodynamic processes will be included. However, the
amount of data increases dramatically, and this aﬀects the
computation time, data storage and data download
requirements. Ideally test diﬀerent data sets with diﬀerent
spatial resolution to test the limitation of the data you
choose.
Time coverage:
The period covered by the hydrodynamic data. Should cover at least the duration of the spawning period of
the organism(s) plus the pelagic larvae duration (~ time to
settlement). Hydrodynamic data covering more than one
year or season should be included to reﬂect year to year
variation of the hydrodynamic processes. Typically, 2–3
years are used representing a “normal”, and 1 or 2 “extreme”
years. Selections of years very much depend on local
conditions and which parameters that are known to vary
between years, e.g. dominating winds, regional currents, or
temperatures.
Too many years may require too many simulations or too
long simulation times, which may not be practical. The aim
is to limit the number of years at the same time capturing the
year-to-year variability observed in important hydrographic
parameters.
Time resolution:
Time duration between time steps in the
hydrodynamic data available.
The time step is often stored on an hourly, daily or weekly
basis. The time step of the original simulation will typically
be much lower, e.g. minutes. In systems with signiﬁcant tidal
inﬂuence hourly time steps are preferred. For systems with
limited on no tidal gauge, daily time steps may be suﬃcient.
Using large time steps in a highly ﬂuctuating system may
introduce undesired errors or biases in the dispersal
modelling. Ideally test data sets with diﬀerent time
resolution to evaluate this error on the modelling endpoints
(~ overall dispersal pattern, area subdivision using cluster
analysis etc.).
Time step:
Time step used for the dispersal modelling. The time is typically minutes or hours. The time step should
be adjusted to ensure its appropriate scaling to the grid
resolution and the current speed. A rule of thumb is that the
maximum distance travelled by any passive drifter in one
time step should not exceed the minimum horizontal spatial
resolution of the computational grid.
Too small time steps may result in an undesired increase in
computational time, while too large time step may result in
unrealistic dispersal patterns.
Duration of the simulation:
The duration of the dispersal simulation The duration of a simulation should be assessed relative the
dispersal time of the target species. In case of one generation
of meroplankton it should cover as a minimum the period
from the onset of spawning until most of the settling has been
accomplished (may be several months). Multiple
generational dispersal can be simulated through a continuous
hydrographical period of multiple years, or more
conveniently by iterative procedures analyzing the
connectivity matrix based on one (or more) representative
years.
Not limited
Number of simulated individuals:
Number of “agents”, “individuals” or “particles”
included in the simulation, each representing
a free drifting/swimming life stage.
The number of individuals simulated should be aimed at
using enough “individuals” to achieve robust and
reproducible results (i.e. overall dispersal pattern, areal
subdivision using cluster techniques etc.), while at the same
time limit the computational eﬀort (i.e. simulation time,
result storage, post-processing time of dispersal simulation
results etc.). A starting number may be 10,000 but often
simulations will require considerable larger numbers to
achieve robust and reproducible results (e.g. 50,000 or
500,000). The eﬀect of varying the number of individuals in
a simulation and how it aﬀects the endpoint should be tested
prior to the main simulations.
A test of reproducibility and robustness of the inﬂuence on
the endpoint result of diﬀerent numbers of simulated
individuals will limit the risk that results are biased and lack
credibility. Note that when simulation organisms that are
associated with a very fragmented habitat with limited
coverage, only a minor faction of the simulated individuals
will successfully settle within the habitat, and thus there may
be a need to increase number of simulated individuals
accordingly.
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3. Discussion
3.1. Adequacy of the proposed approach
With the acceptance of the SRA as part of risk assessment in the G7
Guidelines, a new tool has been added to assist in the management of
exogenous and potentially invasive species transferred in ballast water.
This as such increases the applicability of the IMO's Ballast Water
Management Convention. The use of agent-based modelling as pro-
posed here is by no means new to environmental management and is a
common tool in the assessment of connectivity of marine parks (e.g.
[35]), local biomes [50], and recruitment in ﬁsheries (e.g. [16,38]).
There are, as described previously, some important technical limita-
tions to be aware of and choices to be made regarding hydrodynamic,
biological and habitat information when using agent-based modelling
for risk assesments in an area-based approach. However, including
modelling of natural dispersal does provide the beneﬁt of accounting
for an everpresent component in the risk of invasive species and allows
for the assessment of an area rather that multiple isolated points.
It is advocated here that the focus of dispersal modelling should be
on the sessile or bottom dwelling species with time-limited free-drifting
stages (meroplankton) since the dispersal capabilities of these species
will be the primary limiting factor for delineation of well-connected
areas and dispersal barriers. Holoplankton, as represented by many
zooplankton and phytoplankton, are assumed to disperse more widely
because they reside uniquely in the water column. Note that phyto-
plankton and zooplankton with resting stages are generally assumed to
be part of the holoplankton even though they have benthic stages as
part of their life history strategies. However, for some of these holo-
plankters, limitations in environmental tolerances such as salinities,
temperature or light e.g. in an estuarine system may imply the existence
of dispersal barriers, and such should be included in the simulation
scenarios. Mobile organisms such as ﬁsh with an autonomic beha-
vioural pattern may disperse independently or partly independently of
hydrographic conditions and these types of organisms are not suitable
for the modelling approach proposed here.
It is also possible to take into account multiple generations of spe-
cies dispersal, and how species may migrate from habitat patch to ha-
bitat patch in a fragmented marine landscape where habitats are
sparsely and unevenly distributed. This type of analysis may be used to
support the risk assessment addressing the identiﬁcation of an SRA
where the target species have long reproduction time or very distinctive
requirements for regeneration success. An important caveat is that an
area-based approach such as SRA is not a tool to model discrete events
such as an outbreak of cholera, accidental untreated sewage discharge,
conditional algae blooms or similar for which remidative actions would
be described by authorities under the BWMC Regulation C-2, regardless
of the type of exemption granted to vessels operating in the area.
Fig. 6 illustrates the importance of barriers and habitat distribution
in an area for the dispersal of a target species.
A recent study by van der Meer et al. [49] addresses the environ-
mental homogeneity of the North Sea based on a review of existing data
and questionnaire responses. The study concludes that the North Sea is
‘far from homogenous in terms of hydrological and biological condi-
tions’. While this may very well be the case, the emphasis on hydro-
logical net transport patterns are in our opinion not a proof of absence
of risk of natural dispersal, which are strongly inﬂuenced by the pre-
vailing seasonal conditions during critical life stages for each of the
selected target species. The SRA method proposed here provides a
framework for a quantitative type of analysis of risk of dispersal for use
in risk assessments.
3.2. Other potential applications of an area-based approach
While the concept of SRA was developed in response to a an in-
ternational and cross border issue with management of invasive species,
Fig. 3. Conceptual diagram of three situations relevant for delineation of SRAs
in an area with three ports (squares) in diﬀerent countries. Three diﬀerent in-
vasive species are considered. Grey: Land masses. White: marine area. Solid
concentric lines: dispersal distance per generation. Panel A: Data exists on a
target species in Port 1. The species has a medium dispersal capability. Analysis
of species dispersal reveals that the species after a few generations will reach
Port 2 and Port 3 through natural dispersal. All three ports may be perceived as
belonging to the same SRA. Panel B: Data exists on a target species in Port 2.
The species has no pelagic larval stage and slow dispersal. Analysis of the
species’ dispersal data show that the species is incapable of spreading to Port 1
or Port 3 within the timeframe considered. Port 2 is not perceived as belonging
to an SRA including Port 1 and/or port 3. Panel C: Data exists on a target
species in Port 3. The species has a large dispersal capability. Analysis of spe-
cies’ dispersal reveals that the species after one generation will reach Port 1 and
Port 2 through natural dispersal and provided all three ports are both sources
and sinks they will belong to a SRA for this species.
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it is clear that countries with long coastlines spanning several biozones
may also ﬁnd the area-based approach valuable to reduce spread of
invasive species domestically. There are examples of countries sub-
dividing their aquatic environment into zones within which vessels may
discharge ballast water of the same zone without meeting any treatment
criteria, e.g. captain of the port zones in the US [48].
Also, we consider that this approach should be recommended in
aquaculture zone management programmes because of the importance
of pathogen dispersal between production areas. Shipping has been
considered as a potential threat for this $160 billion global industry
[10] but the links between shipping and aquaculture are very strong
(Drillet et al. in press) and the aquaculture industry itself lacks
Fig. 4. Four examples of delineations of theoretical well- connected areas based on 30 days dispersal modelling with continuous spawning using SRAAM [20]. Same
colors in each example represent areas that are well connected. The hydrographic data used was from Berg and Poulsen [4]. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.).
Fig. 5. Temporal model snapshot of the cumulative density of competent larvae dispersed from all coral reef sites in Singapore 45 days after a spawning event using
MIKE Software [43].
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enforcement of zone management practices. New introductions in this
industry are governed by guidance documents [13,47] but no interna-
tional convention exist that is globally applicable. Yet, we advocate that
the use of the present tool could help site selection of oﬀ-shore cages
areas to ensure a limited connectivity and decrease the pressure from
parasites such as sea lices and other pathogens. It could also be used to
design water intake points for landbased farms such as shrimp farms
where disease outbreak have caused dramatic impacts in the past [14].
4. Conclusions
The IMO has included the Same Risk Area, an area-based approach,
to the organisation's risk assessment guidelines. However, the descrip-
tion of the methodology to be used for such work is limited except for
partial descriptions reported in submission from member states to the
IMO. The present contribution describe how the modelling part of a
SRA could be applied to risk assessment under the existing G7 guide-
lines of the BWMC. We recommend the SRA approach should include
hydrodynamic modelling, biological characteristics of target species,
habitat information combined in agent-based modelling to support
more robust risk assessment of invasive species. Modelling tools for the
application of risk assesments is not new and it has been strongly em-
phasized in the sphere of ecotoxicological impact assessment (Galil and
Forbes, [16]).
While this approach will support the management of bio-invasion
risks from short sea shipping there are limitations to the use of the SRA.
This tool is currently only applicable to planktonic organisms or or-
ganisms presenting a planktonic life form. Natural dispersal of neston
(organisms with the capability of swimming against currents) should
not be evaluated using the presented approach. The contribution of
mobile organisms to the identiﬁcation of highly connected areas and
dispersal barriers may be evaluated qualitatively based on data on
species life histories and recorded dispersal capabilities in native and
introduced regions.
There are many parameters that must be carefully considered,
agreed, and used regarding the hydrodynamic and biological environ-
ment in question when employing the SRA approach. These con-
siderations are not new to invasive species risk assessment but in SRA
they are incorporated in a transparent modelling mechanism. We con-
clude that this approach is adequate for the application of the species
speciﬁc risk assessment as described in the G7 guidelines and advocate
that the same methodology could be applied at the national scale and
used for other industries including aquaculture.
Acknowledgements
The development of the SRA concept has been supported ﬁnancially
and technically by the Danish Environmental Protection Agency (NST
4304-00017), the Danish Maritime Authority (technical advice), the
Maritime and Port Authority of Singapore (MPA000ECO16000023), the
Danish Maritime Fund (2017-009) Interferry 1310-2015, and the Orient
Foundation (DTU AQUA 39426-25) through grants and contracts with
the Danish Technical University (DTU Aqua), DHI Singapore and
LITEHAUZ Maritime Environmental Consultancy.
References
[1] T.P. Adams, R.G. Miller, D. Aleynik, M.T. Burrows, Oﬀshore marine renewable
energy devices as stepping stones across biogeographical boundaries, J. Appl. Ecol.
51 (2) (2014) 330–338.
[2] A. Awad, F. Haag, A.C. Anil, A. Abdulla, GEF-UNDP-IMO GloBallast Partnerships
Programme and WMU, IOI, CSIR-NIO and IUCN. Guidance on Port Biological
Baseline Surveys, GEF UNDP-IMO GloBallast Partnerships, London, UK, 2014
(GloBallast Monograph No. 22).
[3] R. Baumler, A. Bouyssou, Identifying and managing risks from organisms carried in
Ships' ballast water, Glob. Monogr. (2013) (No. 21).
[4] P. Berg, J.W. Poulsen, Implementation Details for HBM. DMI Technical Report, No.
12-11, Copenhagen, 2012.
[5] J.T. Carlton, Bioinvasion ecology: assessing invasion impact and scale, in:
E. Leppäkoski, S. Gollasch, S. Olenin (Eds.), Invasive Aquatic Species of Europe.
Distribution, Impacts and Management, Springer, Netherlands, 2002, pp. 7–19.
[6] A. Christensen, Bank Resolved Prognoses of Sandeel Fishing Potential in the North
Sea. Final Report for the Project "Fiskeriudsigt for tobis i Nordsøen på bankeniveau"
(FIUF, 2005–2007), (2008).
[7] R.K. Cowen, C.P. Paris, A. Srinivasan, Scaling of connectivity in marine populations,
Science 311 (2006) 522, http://dx.doi.org/10.1126/science.1122039.
[8] K. Döss, J. Kjellsson, B. Jönsson, TRACMASS—a Lagrangian trajectory model, in:
T. Soomere, E. Quak (Eds.), Preventive Methods for Coastal Protection, Springer,
Heidelberg, 2013, , http://dx.doi.org/10.1007/978-3-319-00440-2_7.
[9] G. Drillet, C. Schmoker, A. Trottet, M.-S. Mahjoub, M. Duchemin, M. Andersen,
Eﬀects of temperature on type approval testing of ballast water treatment systems,
Integr. Environ. Assess. Manag. 9 (2013) 192–195.
[10] G. Drillet, M.S. Wisz, Y. Le Berre Lemaire-Lyons, R. Baumler, H. Ojaveer,
M.G. Bondad-Reantaso, J. Xu, V. Alday-Sanz, J. Saunders, C.J. McOwen, H. Eikaas,
Protect aquaculture from ship pathogens, Nature 539 (2016) (31-31).
[11] European Commission, The Development of Short Sea Shipping in Europe: A
Dynamic Alternative in a Sustainable Transport Chain, Communication from the
Commission to the European Parliament, The Council, The Economic and Social
Committee and the Committee of the Regions. Second Two-yearly Progress Report,
1999.
[12] European Commission, Study On The Ten-T Motorways of The Sea Horizontal
Priority. MOVE/B1/2015-201, 2015.
[13] D.M. Bartley, R.C. Bhujel, S. Funge-Smith, P.G. Olin, M.J. Phillips (Eds.),
Fig. 6. Conceptual diagram showing two situations relevant for delineation of
SRAs in a marine area with three harbours (squares) in diﬀerent countries. One
invasive species registered in Port 1 is considered. Grey: Land masses. White:
marine area. Light grey: habitat patches. Solid concentric lines: dispersal dis-
tance per generation. Hatched line: Dispersal barrier. Panel A: Data exists on the
presence of an invasive species in Port 1. The species has a medium dispersal
capability. Analysis of species dispersal reveals that the species after multiple
generations will not reach Port 2 and Port 3 through natural dispersal. Despite
medium dispersal capability a dispersal barrier, e.g. a salinity gradient, is
identiﬁed between Port 1 and the two other ports. Port 1 will not be perceived
as belonging to an SRA including Port 2 and/or Port 3. Panel B: Data exists on
the presence of an invasive species in Port 1. The species has a medium dis-
persal capability. Analysis of species dispersal reveals that the species after
multiple generations will not reach Port 2 or Port 3 through natural stepping-
stone dispersal because of habitat fragmentation. Port 1 will not be perceived as
belonging to an SRA including Port 2 and/or Port 3.
F. Stuer-Lauridsen et al. Marine Policy xxx (xxxx) xxx–xxx
8
International Mechanisms for the Control and Responsible Use of Alien Species in
Aquatic Ecosystems, FAO, Rome, 2005, p. 2005 (195p).
[14] T.W. Flegel, Historic emergence, impact and current status of shrimp pathogens in
Asia, J. Invertebr. Pathol. 110 (2) (2012) 166–173.
[15] B. Galil, A. Marchini, A. Occhipinti-Ambrogi, D. Minchin, A. Narščius, H. Ojaveer,
S. Olenin, International arrivals: widespread bioinvasions in European seas, Ethol.
Ecol. Evol. 26 (2014) 152–171.
[16] N. Galil, V. Forbes, Environmental Toxicology and Chemistry, 33 (7) (2014)
1446–1448.
[17] L.M. García-Garcíaa, M. Ruiz-Villarreala, M. Bernal, A biophysical model for si-
mulating early life stages of sardine in the Iberian Atlantic stock. ﬁsheries research,
173 (Part 3) (2016) 250–272, http://dx.doi.org/10.1016/j.ﬁshres.2015.10.002.
[18] S. Gollasch, Overview on introduced aquatic species in European navigational and
adjacent waters, Helgol. Mar. Res. 60 (2006) 84–89.
[19] S. Gollasch, Is ballast water a major dispersal mechanism for marine organisms? in:
W. Nentwig (Ed.), Biological Invasions, Springer Berlin, Heidelberg, 2007.
[20] F.T. Hansen, A. Christensen, Same-Risk-Area Assessment Model (SRAAM) User’s
Manual. DTU Aqua Report No. 318-2016, (2016) (ISBN: 978-87-7481-234-0.
Software available at 〈https://github.com/IBMlib/SRAAM 〉).
[21] F.T. Hansen, M. Potthoﬀ, T. Uhrenholdt, H.D. Vo, O. Linden, J.H. Andersen,
Development of a prototype tool for ballast water risk management using a com-
bination of hydrodynamic models and agent-based modelling, WMU J. Marit. Aﬀ.
08/2014 (2014), http://dx.doi.org/10.1007/s13437-014-0067-8.
[22] M.-P. Hébert, B.E. Beisner, R. Maranger, Linking zooplankton communities to
ecosystem functioning: toward an eﬀect-trait framework, J. Plankton Res. 39 (1)
(2017) 3–12, http://dx.doi.org/10.1093/plankt/fbw068.
[23] HELCOM, OSPAR, Joint HELCOM/OSPAR Guidelines For The Contracting Parties of
Ospar and Helcom on the Granting of Exemptions under International Convention
for the Control and Management of Ships' Ballast Water and Sediments, Regulation
A-4, Agenda Item 2, The 2013 HELCOM Copenhagen Ministerial Meeting,
Document code 2/31, 6.6.2013, 2013.
[24] HELCOM, OSPAR. Ballast Water Exemptions Decision Support Tool. Available at:
〈www.jointbwmexemptions.org/ballast_water_RA〉.
[25] IMO, International Convention for the Control and Management of the Ships' Ballast
Water and Sediments, IMO Publications, London, 2004.
[26] IMO, Guidelines for Risk Assessment under Regulation A-4 of the BWM Convention.
Resolution MEPC. 162(56), 2007. Adopted on 12 July 2007.
[27] IMO, 2016 Guidelines for approval of ballast water management systems (G8).
Resolution MEPC.279(70), 2016. Adopted on 28 October 2016.
[28] IMO. Introduction of the same risk area concept in relation to the Ballast Water
Management Convention (Denmark and INTERFERRY). MEPC 69/4/11, 2016.
[29] IMO. Introduction of the same risk area concept in relation to the Ballast Water
Management Convention (Denmark and INTERFERRY). MEPC 69/INF.25, 2016.
[30] IMO, Same risk area approach to exemptions under regulation A-4 of the Ballast
Water Management Convention (Singapore), MEPC 70/4/8, 2016.
[31] IMO. Work on the Same Risk Area Concept (Denmark). MEPC 70/INF.25, 2016.
[32] IMO. Proposed aMendments for the Inclusion of the Same Risk Area Concept to Risk
Assessment in G7 (Belgium, Denmark, Singapore). MEPC 71/4/24, July 2017.
[33] IMO. Notes on the Same-risk Area Concept Based on the Conditions in the North Sea
(IUCN). MEPC 71/INF.32, July 2017.
[34] IMO, 2017 Guidelines for Risk Assessment under Regulation A-4 of the BWM
Convention (G7). Resolution MEPC, 289(71), 2017. Adopted on 7 July 2017.
[35] M.N. Jacobi, C. André, K. Döös, P.R. Jonsson, Identiﬁcation of subpopulations from
connec-tivity matrices, Ecography 35 (2012) 1004–1016, http://dx.doi.org/10.
1111/j.1600-0587.2012.07281.x.
[36] C. Lett, P. Verley, C. Mullon, C. Parada, T. Brochier, P. Penven, B. Blanke, A
Lagrangian tool for modelling ichthyoplankton dynamics, Environ. Model. Softw.
23 (2008) 1210–1214.
[37] S.J. Lovell, S.F. Stone, L. Fernandez, The economic impacts of aquatic invasive
species: a review of the literature, Agric. Resour. Econ. Rev. 35 (2006) 195.
[38] P.E. Moksnes, P. Jonsson, M.N. Jacobi, K. Vikström, Larval Connectivity and
Ecological Co-herence of Marine Protected Areas (mpas) in the Kattegat-Skagerrak
Region, Swedish Institute For The Marine Environment, Denmark, 2014, p. 2 (ISBN
978-87-7091-612-7).
[39] NParks, Review of the Current State of Knowledge of Marine Pests in Singapore in
Relation to Ballast Water Management, National Parks Board of Singapore,
Singapore, 2012 (Unpublished).
[40] A. Occhipinti-Ambrogi, D. Savini, Biological invasions as a component of global
change in stressed marine ecosystems, Mar. Pollut. Bull. 46 (2003) 542–551.
[41] R. Core Team, R: A Language and Environment for Statistical Computing, R
Foundation for Statistical Computing, Vienna, Austria, 2013 (ISBN 3-900051-07-0,
URL), 〈http://www.R-project.org/〉.
[42] A. Ricciardi, Predicting the impacts of an introduced species from its invasion
history: an empirical approach applied to zebra mussel invasions, Freshw. Biol. 48
(2003) 972–981.
[43] J. Saunders, G. Drillet, G. Foulsham, A study on same risk area with regards to
ballast water management convention regulation A-4 on exemptions to ships, . Mar.
Environ. Prot. Comm. Int. Marit. Organ. (2016) (MEPC70/INF.21).
[44] E. Staaterman, C.B. Paris, J. Helgers, Orientation behaviour in ﬁsh larvae: a missing
piece to Hjort's critical period hypothesis, J. Theor. Biol. (2012), http://dx.doi.org/
10.1016/j.jtbi.2012.03.016.
[45] F. Stuer-Lauridsen, S.B. Overgaard, Note on Same Risk Area, Published by the
Danish Nature Agency, Denmark, 2014 (31 pp) (ISBN 978-87-7091-612-7).
[46] E.A. Treml, J.J. Roberts, Y. Chao, P.N. Halpin, H.P. Possingham, C. Riginos,
Reproductive output and duration of the pelagic larval stage determine seascape-
wide connectivity of marine populations, Integr. Comp. Biol. 52 (4) (2012)
525–537, http://dx.doi.org/10.1093/icb/ics101.
[47] G.E. Turner, Codes of Practice and Manual of Procedures for Consideration of
Introductions and Transfers of Marine and Freshwater Organisms. EIFAC/CECPI
Occasional Paper No. 23, 1988, p. 44.
[48] US, Code of Federal Regulations Title 33 - Navigation and navigable waters. 151.
1510 - Ballast water management requirements, 2013.
[49] R. van der Meer, M.K. de Boer, V. Liebich, C. ten Hallers, M. Veldhuis, K. Ree,
Ballast Water Risk Indication for the North Sea, Coast. Manag. 44 (6) (2016).
[50] R. Vincent, E. Ser-Giacomi, C. López, E. Hernández-García, Hydrodynamic pro-
vinces and oceanic connectivity from a transport network help designing marine
reserves, Geophys. Re-search Lett. 41 (2014) 2883–2891, http://dx.doi.org/10.
1002/2014GL059540.
F. Stuer-Lauridsen et al. Marine Policy xxx (xxxx) xxx–xxx
9
